The binding of ethambutol to the C-terminal domain of the arabinosyltransferase from Mycobacterium tuberculosis was studied. The analysis was performed using an in silico approach in order to find out, by docking calculations and energy descriptors, the conformer of Ethambutol that forms the most stable complex with the C-terminal domain of arabinosyltransferase. The complex shows that location of the Ethambutol coincides with the cocrystallization ligand position and that amino acid residues ASH1051, ASN740, ASP1052, and ARG1055 should be critical in the binding of Ethambutol to C-terminal domain EmbC.
Introduction
Ethambutol (EMB) is an antimycobacterial drug used extensively for the treatment of tuberculosis caused by Mycobacterium tuberculosis (TB). EMB is bacteriostatic and it is used worldwide for tuberculosis therapy in combination with isoniazid, pyrazinamide, and rifampicin.
The EMB target is the biosynthesis of the cell wall, by inhibiting the synthesis of both arabinogalactan and lipoarabinomannan (LAM), which are essential components of the unique cell envelope of the pathogen TB. Biosynthesis of LAM involves a series of membrane embedded arabinosyltransferases: EmbA, EmbB, and EmbC. Recent works show that mutations in EmbC that reduce its arabinosyltransferases activity result in increased sensitivity to EMB, and there exists a direct correlation between EmbC activity and EMB resistance, as well as between EmbC activity and the size of the LAM species produced, confirming that EmbC is one of the cellular targets of the EMB action [1] . It has been reported that (Escuyer et al., 2001 ), in M. smegmatis, EmbA, B, and C are necessary for the mycobacterium to build its cell wall. The resistance to EMB has been reported in as many as 4% of the clinical isolates of TB and it is prevalent among multidrugresistant strains [2] . Some mutant proteins from the Emb family (ABC) have been isolated in ethambutol-resistant Mycobacterium tuberculosis (Srinivas V Ramaswamy, Amol G. Amin, Servet Goksel, Charles E. Stager, Shu-Jun Dou, Hana el Sahli, Soraya L. Moghazeh, Barry, N. Kreiswirth, James M. Musser, "Molecular Genetic Analysis of Nucleotide Polymorphisms Associated with Ethambutol Resistance of Human Isolates of Mycobacterium tuberculosis, " Antimicrobial Agents and Chemotherapy, 44(2) (2000) 326-336). The sequence similarity among the proteins of this family (UNIPROT Data Base) is close to 57%. Until today only an extracellular segment of the protein has been expressed, purified, and its 3D structure determined. It corresponds to the C-terminal [2] region of the polypeptide chain of 390aa, and some of the mutations associated with resistance to ethambutol are located in this zone.
Despite the availability of modern antibiotics, infectious diseases are responsible for nearly one-third of human deaths worldwide, and bacterial resistance is still an urgent problem. Bacterial resistance to antibiotics is the inevitable consequence of the overuse of Antimicrobial agents. Computational strategies for structure-based drug discovery offer a valuable alternative to the costly and time-consuming process of random screening.
Docking calculations have been applied in pharmaceutical research for nearly two decades. Virtual screening on protein templates, which differs from molecular similarityand ligand-based virtual screening methods, provides an opportunity for de novo identification of active compounds, without bias towards known hits or leads [3] .
In order to understand the action of ethambutol as a pharmaceutical, we have used the structure of the C-terminal domain of EmbC which was crystallized in presence of a sugar ligand associated with a potential substrate recognition binding site. Using this information we have built a docking model between EmbC domain and and the ligand ethambutol. The top binding poses of EMB in the C-terminal domain of the TB were selected considering the binding energies. Considering that some of the point mutations have been observed in this segment of the protein, we will analyze the relationship with their possible resistance to ethambutol.
Experimental

Molecular Docking Study. Molecular docking in silico
experiments were performed with GLIDE v5 XP docking program (Schrodinger Inc.) [4, 5] using a Dell Precision workstation T3400 running in an Intel Core2 Duo Processor, 4 GB RAM, 250 GB hard disk, and Nvidia Quadro FX 4500 graphics card.
Preparation of Protein.
The three-dimensional coordinates of the C-terminal domain of arabinosyltransferase (PDB code: 3pty (http://www.rcsb.org/) were downloaded, refined, and prepared using Schrodinger protein preparation wizard tool (GLIDE), which performs the following steps: assigning of bond orders, addition of hydrogens, optimization of hydrogen bonds by flipping amino side chains, correction of charges, and minimization of the protein complex. All the bound water molecules, ligands, and cofactors were removed (preprocess) from the protein which were stored (as. Mae) format. The program also neutralized the side chains that are not close to the binding cavity and do not participate in salt bridges. This step is then followed by restrained minimization of the cocrystallized complex, which reoriented the hydroxyl groups of the side chains diminishing potential steric clashes. The complex obtained was minimized using OPLS 2005 force field [6] with Polak-Ribiere Conjugate Gradient (PRCG) algorithm. The minimization was terminated either by completion of 5,000 steps or after the energy gradient converged below 0.05 kcal/mol.
Preparation of Ligands. The cocrystallized ligand AFO1
(octyl alpha-D-arabinofuranoside) was used as reference ligand throughout this study. The structure of ethambutol was built in the panel of Maestro and store (in. mae) format. LigPrep is a utility of the Schrodinger software suit that combines tools for generating 3D structures from 1D (Smiles) and 2D (SDF) representation, searching for tautomers and steric isomers, and performing geometry minimization of the ligands. Molecular Mechanics Force Fields OPLS 2005 was used with default settings.
Calculation of Prime MM-GBSA Descriptors.
The Prime MM-GBSA approach [7] is used to predict the free energy of binding for a receptor and a set of ligands. MM-GBSA is an acronym for a method that combines OPLS molecular mechanics energies ( MM ), an SGB solvation model for polar solvation ( SGB ), and a nonpolar solvation term ( NP ) composed of the nonpolar solvent accessible surface area and van der Waals interactions. The total free energy of binding is then expressed as
where
The ligand in the unbound state is minimized in SGB solvent but is not otherwise sampled. In the calculation of the complex, the ligand is minimized in the context of the receptor whose coordinates are not allowed to move. The following descriptors were generated by the Prime MM-GBSA approach:
MM To set up the calculation, the pose viewer file (generated after docking with GLIDE) was used to consider the receptor and the conformer. After choosing the receptor and the ligand, by using pose viewer file (pv.maegz), the program Prime MM-GBSA that generates the descriptors was run with default options that were chosen to produce reasonable descriptors. The MM-GB/SA scoring along with the experimental binding affinities data of hA 3 AR is presented in Table 1 . 
Results and Discussion
To recognize the hypothetical binding mode and interaction of ethambutol with crucial amino acid residues on the Cterminal domain of EmbC, molecular docking study was carried out by using the crystal structure of arabinosyltransferase (PDB ID: 3PTY). To investigate the ability of molecular docking to reproduce an experimentally observed ligand binding mode, the cocrystallized ligand AFO1 (octyl alpha-D-arabinofuranoside) was used as reference ligand and docked back into its binding site in the crystal structure of the arabinosyltransferase [8] using GLIDE XP docking program (Schrodinger Inc) [4, 5] . The docking pose closely resembled the cocrystallized conformation with root-meansquare deviation (RMSD) of the polypeptide chain of 0.83Å. The same docking protocol was used for the docking of ethambutol and the optimum conformation was used to analyze its interactions with amino acids residues in the binding site of the C-terminal domain in EmbC. Being more computationally demanding, the MM-GB/SA scoring gives far superior correlation with experimental activity data than standard docking scoring functions. The MMGB/SA methodology has also been much more reliable than docking for rank ordering of the poses. Hence, free energy of binding of various conformers of ethambutol with the receptor was calculated employing Prime MM-GBSA approach (Table 1) . The most stable conformer (Δ bind = −53.208 kcal/mol) of ethambutol ( Figure 1) showed that its hydroxyl groups (OH) were exposed to the hydrophilic region of the receptor (as indicated by cyan color on the hydrophilic map in Figure 1 ) and formed strong hydrogen bond interactions (short Acceptor-Donor distances) with crucial amino acid residues such as ASN740, ASP1052, and ARG1055 at distances of 1.823Å, 1.875Å, and 2.249Å, respectively. Similarly, one of the amino groups (NH) exposed to hydrophilic region of the receptor formed an important H-bond interaction with ASH1051 at a distance of 2.258Å. The alkyl chain of the ethambutol with two ethyl substituents was found to be embedded in the hydrophobic region of the receptor as indicated by orange color on the hydrophilic map, which means that probably the binding of ethambutol is in strong competition with the natural substrate in the site. To analyze the possible ligand-receptor recognition mechanism in a more quantitative way, the individual electrostatic and vdW contributions to the interaction energy of each crucial residue of the receptor were calculated (Table 2 ). In particular, amino acid residues such as ASH1051, ASN740, ASP1052, and ARG1055 strongly stabilize the ligand-receptor complex (as indicated by the negative electrostatic interaction energy) because of the formation of strong hydrogen bonding interactions as shown in Figure 1 . There is a strong possibility that ethambutol occupies a key position in the binding site of the C-terminal of arabinosyltransferase (EmbC) which would avoid the binding of a substrate. Preliminary sequence comparison of the C-terminal domain in EmbC with the same region in EmbB and EmbA using ClustalW (Figure 2 ) shows 30% sequence identity; two segments of this comparison are shown previously indicating in bold letters the residues interacting with ethambutol in Figure 1 . If they have this sequence identity, and the structure of proteins is more conserved than sequences, the structure of this segment in all Emb should be very similar and points to the fact that ethambutol possibly binds to the same site in EmbB and EmbA. The amino acid residues that in our model interact with Ethambutol, 740, 1052, and 1055, are conserved in EmbC, EmbA, and EmbB; nevertheless residue 1051, an aspartic acid in EmbC, hydrogen bonded to Ethambutol, is not conserved in EmbA (D1051G) or in EmbB (D1051R). The electrostatic and van der Waals energy contribution of this residue should change the binding energy between Ethambutol and the C-terminal domain in the other members of this family of enzymes. This position in the binding site deserves attention for improvement and design of modified compounds effective against resistant strains.
Conclusions
Our study provides a structural hypothesis for the binding modes of ethambutol to the C-terminal domain of the arabinosyltransferase of Mycobacterium tuberculosis, EmbC. The analysis of these binding models suggest that amino acid residues ASH1051, ASN740, ASP1052, and ARG1055 play a key role in the binding of the ethambutol to C-terminal domain EmbC. Due to the conservation of the amino acid residues in the binding site, it is possible that Ethambutol binds to the same site in EmbA and EmbB.
